Progranulin (GRN) haploinsufficiency is a frequent cause of familial frontotemporal dementia, a currently untreatable progressive neurodegenerative disease. By chemical library screening, we identified suberoylanilide hydroxamic acid (SAHA), a Food and Drug Administration-approved histone deacetylase inhibitor, as an enhancer of GRN expression. SAHA dose-dependently increased GRN mRNA and protein levels in cultured cells and restored near-normal GRN expression in haploinsufficient cells from human subjects. Although elevation of secreted progranulin levels through a post-transcriptional mechanism has recently been reported, this is, to the best of our knowledge, the first report of a small molecule enhancer of progranulin transcription. SAHA has demonstrated therapeutic potential in other neurodegenerative diseases and thus holds promise as a first generation drug for the prevention and treatment of frontotemporal dementia.
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Frontotemporal dementia (FTD)
3 is a clinical syndrome characterized by progressive deterioration of decision-making abilities, control of behavior, and language, with relative early sparing of memory. It is the second most frequent presenile dementia disorder, and ϳ25% of the cases are hereditary (1) . The most common pathological manifestation of FTD is frontotemporal lobar degeneration with TDP-43 inclusions, familial cases of which are most frequently caused by loss-of-function mutations of the GRN gene (2) (3) (4) . The protein encoded by this gene, progranulin (also called GRN protein, human granulin precursor, proepithelin, acrogranin, and PC cell-derived growth factor), is a secreted glycoprotein with growth factorlike and immunomodulatory activities (5) . It was recently identified as a TNF receptor antagonist (6) . Progranulin contains one half-length and seven full-length granulin domains, which are released following proteolytic cleavage. Biological effects, including promotion of neuronal survival, neurite outgrowth, and regulation of microglial inflammatory responses, have been attributed to both the full-length protein and the granulin peptides (7) . To date, Ͼ60 pathogenic GRN mutations have been reported in patients with FTD, and all are expected to result in haploinsufficiency. Progranulin-deficient mice display dysregulated immune responses in the brain and recapitulate phosphorylated cytoplasmic TDP-43 aggregates seen in FTD brains (8) . Furthermore, the concentration of progranulin in the serum is reported to be lower in patients and mutation carriers compared with healthy controls (9, 10) , suggesting that reduced progranulin expression causes FTD. Therefore, increasing progranulin expression from the wild-type allele may prevent or slow down disease progression. Following this rationale, Capell et al. (11) recently reported that alkalizing drugs and vacuolar ATPase inhibitors increase progranulin expression through a post-transcriptional mechanism.
Many drugs in clinical use induce complex changes in gene expression (12) . One of the earliest and most successful examples of altering gene expression for therapeutic benefit is the case of hydroxymethylglutaryl-CoA reductase inhibitors, commonly known as statins, which induce expression of the LDL receptor in the liver, thus clearing cholesterol from the blood (13) . In addition to changing gene expression through signaling pathways, therapeutics may also act through chromatin remodeling. Thus, the role of epigenetics in the pathogenesis and therapy of neuropsychiatric disorders is an expanding area of research (14) . Our objective in this study was to find small molecule enhancers of progranulin transcription by high-throughput screening (HTS) of chemical libraries.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Cell culture reagents and TRIzol were from Invitrogen. Suberoylanilide hydroxamic acid (SAHA; vorinostat), MS-275, and CAY10591 were obtained from Cayman Chemical. Resveratrol, M344 (4-(dimethylamino)-N-(7-(hydroxyamino)-7-oxoheptyl)benzamide), PTACH, dimethyl sulfoxide (DMSO), sodium butyrate, droxinostat, trichostatin A, leflunomide, and sodium valproate were from Sigma. SRT1720 and MC1568 were from Selleck Chemicals. Tubastatin A was obtained from BioVision Research Products (Mountain View, CA). Tubacin was a gift from Stuart L. Schreiber (funded by the Initiative for Chemical Genetics, NCI). Rabbit antibodies were generated against linker-3 anti-mouse progranulin peptide ((C)VPWMKKVIAPLRLPDPQIL, amino acid residues 353-371) conjugated to keyhole limpet hemocyanin.
Plasmids and Cell Lines-The firefly luciferase coding sequence was fused by bacterial recombination to the authentic human GRN start codon in exon 2 (NM_002087.2) on a bacterial artificial chromosome (BACPAC RP11-812N09), and stably transfected Neuro-2a cells were derived.
Cell Culture and Drug Treatments-Neuro-2a and HEK293 cells were grown in DMEM and 10% FBS. Sodium valproate was dissolved in PBS. All other drugs were dissolved in DMSO (10 -50 mM stock solutions kept at Ϫ80°C) and diluted in cell culture medium to a final DMSO concentration of 0.2-0.5%.
Human Cell Lines-All experiments pertaining to collection of human samples were approved by the University of California San Francisco Committee on Human Research. The human subjects and family members were recruited at the University of California San Francisco Memory and Aging Center, and written informed consent was obtained. Genotypes were confirmed by direct sequencing. To obtain human dermal fibroblasts, skin biopsy samples were cut into small pieces, placed under a coverslip, and grown in DMEM containing glutamine, sodium pyruvate, nonessential amino acids, 10% FBS, penicillin, streptomycin, and amphotericin B for ϳ3 weeks. Amphotericin B was omitted for further passages. The cells were used at passage 3 or 4.
Immortalized human lymphoblastoid cells were prepared as described (15) . Briefly, white blood cells were obtained by Ficoll gradient centrifugation of the Buffy coat from donor blood and transformed in growth medium containing 25% FCS, 1% phytohemagglutinin, and 10% Epstein-Barr virus supernatant. Rapidly growing cultures were maintained in RPMI 1640 medium and 10% FBS.
Library Screening and Luciferase Reporter Assays-Neuro-2a cells were assayed in 384-well plates (3000 cells/well). 6 h after cell plating, 1200 Prestwick Chemical Library compounds in DMSO, including internal controls, were dispensed using a BioMek FX system to final concentrations of 2.5 M compound and 1% DMSO (unless indicated otherwise). Sodium butyrate (9 mM) was used as a positive control on each plate for initial screening. Luciferase activity was measured 24 h after compound addition using Bright-Glo TM reagent (20 l/well; Promega). Each well was normalized to the average luminescence from DMSO-treated wells on the same plate.
Determination of Cell Viability-Neuro-2a cells were seeded in 384-well plates (3000 cells/well). After 24 h of drug treatment, the ATP content of each well was measured with the CellTiter-Glo luminescent cell viability assay (Promega) according to the manufacturer's instructions.
RNA Extraction and Quantitative PCR-Cells in 6-well plates were lysed in 500 l of TRIzol reagent/well. cDNA was reverse-transcribed with MultiScribe TM (Applied Biosystems). For some experiments, the Quick-RNA MiniPrep system (Zymo Research, Irvine, CA) was used to isolate total RNA. Primer sequences were as follows: human U36B-F, 5Ј-CGAG-GGCACCTGGAAAAC-3Ј; human U36B-R, 5Ј-CACATTCC-CCCGGATATGA-3Ј; human GRN-S, 5Ј-CAGGGACTTCCA-GTTGCTGC-3Ј; human GRN-A, 5Ј-GCAGCAGTGATGGC-CATCC-3Ј; mouse cyclophilin QF1S, 5Ј-GGAGATGGCACA-GGAGGAA-3Ј; mouse cyclophilin QR1A, 5Ј-GCCCGTAGT-GCTTCAGCTT-3Ј; mouse GRNS, 5Ј-AGTTCGAATGTCCT-GACTCCGCCA-3Ј; mouse GRNA, 5Ј-AAGCCACTGCCCT-GTTGGTCCTTT-3Ј; intronic GRN_F1, 5Ј-CCGGCTACTG-TCCAGAGGTCC-3Ј; and intronic GRN_R1, 5Ј-CTA-GGGGAGTTTCAAGAGGCAGGT-3Ј.
Quantitative PCRs (qPCRs; 10 l) contained 20 ng of cDNA, 150 nM primer, and 5 l of Fast SYBR Green PCR Master Mix (Applied Biosystems) and were performed in triplicate on an Applied Biosystems PRISM 7500 Fast sequence detection system. Relative mRNA levels were calculated using U36B or cyclophilin Q primers as internal controls.
Immunoblotting and Quantification-Cells were lysed in radioimmune precipitation assay buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and Roche Complete protease inhibitor mixture) and cleared by centrifugation at 20,000 ϫ g for 10 min. 0.5-ml cell culture supernatants containing 1% FBS were concentrated by centrifugation at 14,000 ϫ g for 50 min in Millipore Amicon Ultra devices (3-kDa cutoff). 15-20 g of total protein was separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked in 5% milk for 1 h and probed overnight with primary antibodies at 4°C. Mouse progranulin was detected with linker-3 anti-progranulin antibody at 1:5000 dilution, ␤-actin with anti-␤-actin antibody (Sigma A2228) at 1:5000 dilution, human progranulin with anti-PC cell-derived growth factor antibody (Invitrogen) at 1:1000 dilution, and GAPDH with anti-GAPDH antibody (Sigma) at 1:10,000 dilution. Bound IgG was detected by ECL. For quantitative immunoblotting, secondary antibodies labeled with IRDye infrared dyes and an Odyssey infrared imager (LI-COR Biosciences) were used following the manufacturer's instructions.
Statistical Analysis-Statistical analysis was done with SigmaPlot 11 software. For comparison between multiple treatment groups, analysis of variance was followed by Dunnett's or Tukey's test. All data are presented as means Ϯ S.E.
RESULTS

Identification of Potential Enhancers of Progranulin Expression by Chemical
Library Screening-First, we sought to identify small molecule enhancers of GRN expression by HTS. To generate a reporter of GRN promoter activity, a luciferase reporter was inserted by homologous recombination into the human GRN gene on a bacterial artificial chromosome (Fig.  1A ). Utilizing cotransfection with a plasmid encoding Zeocin resistance, we stably integrated this construct into the neuronally derived mouse cell line Neuro-2a. Several independent clones robustly and stably expressed luciferase from the GRN promoter/enhancer under base-line conditions (data not shown). Next, we sought to validate our automated 384-well HTS strategy using sodium butyrate, a histone deacetylase (HDAC) inhibitor, as a positive control. The coefficients of variation were 5.3% for treatment wells and 8% for DMSO control wells, whereas the ZЈ value was 0.68, indicating a favorable signal/noise ratio. Utilizing this HTS assay, we screened the Prestwick Chemical Library, comprising 1200 marketed drugs, and identified multiple compounds that increased GRN promoter activity by Ͼ3 standard deviations above the mean, as summarized in Fig. 1B and Table 1 . Ͼ98% of the compounds in this chemical library had no significant effect on luciferase activity, indicating high specificity of the screening assay. The highest levels of activation resulted from addition of SAHA (a class I and II HDAC inhibitor), resveratrol (a putative class III HDAC activator), and leflunomide (a pyrimidine synthesis inhibitor). We established the dose-response curves for these three compounds, as shown in Fig. 2A . SAHA and resveratrol dose-dependently increased luciferase activity in the reporter assay with submicromolar EC 50 values of 0.51 M for SAHA and 0.24 M for resveratrol. Leflunomide had minimal activity and was not pursued further.
HDAC Inhibitors Trichostatin A, M344, and PTACH Are Active in the Luciferase-based Progranulin Promoter Activity
Assay-Because SAHA is a known HDAC inhibitor, we tested whether other HDAC inhibitors would have the same effect in our reporter assay. The pan-HDAC inhibitors trichostatin A, PTACH, and M344 significantly increased luciferase activity (Fig. 2B) , although the effect of trichostatin A was limited by toxicity at concentrations Ն0.1 M.
Selective HDAC Inhibition Is Not Sufficient to Enhance Progranulin Promoter Activity-We tested whether selective inhibitors of class I HDACs would be effective in the luciferase reporter assay. Valproate and MS-275 enhanced luciferase activity only at the highest end of the pharmacological concentrations (Fig. 2C ). This effect further supports our hypothesis that HDAC inhibition is the mechanism of action responsible for enhanced progranulin expression. Because these compounds could inhibit HDACs less selectively at these concentrations, we cannot conclude that class I HDAC inhibition is sufficient for enhanced expression.
We also tested M344, a putatively selective inhibitor of HDAC6, and observed dose-dependent activation of the luciferase reporter at submicromolar concentrations. The EC 50 value (0.52 M) and maximal effect size (ϳ4-fold) of M344 were similar to the values observed for SAHA (Fig. 2B) . However, two other HDAC6-specific inhibitors, tubacin (16) and Tubastatin A (17), did not change luciferase activity (Fig. 2D) . M344, although 3-fold selective for HDAC6 over HDAC1, nevertheless inhibits HDAC1 with an IC 50 of 250 nM (18) . Therefore, we conclude that HDAC6 inhibition is not sufficient to enhance progranulin reporter activity. We then tested droxinostat (a selective inhibitor of HDAC3, HDAC6, and HDAC8) and MC1568 (a class II selective HDAC inhibitor), but we did not observe any effects on luciferase reporter activity (Fig. 2D) .
Because activation of sirtuins is one of the supposed biological effects of resveratrol, we also tested SRT1720 (0.01-1 M) and CAY10591 (0.5 or 5 M), other putative activators of sirtuins. These compounds had no effect on luciferase activity in the progranulin reporter assay (data not shown), suggesting that resveratrol may be acting through a different pathway.
SAHA and Resveratrol Have Additive Effects in the Luciferase-based Progranulin Promoter
Activity Assay-We next tested the interaction between these two compounds utilizing the reporter assay. As shown in Fig. 2 (E and F) , we observed an upward shift in the dose-response curves when a fixed submaximal concentration of either drug was tested in combination with a range of different concentrations of the other. The maximal effect size was ϳ4-fold with SAHA alone, ϳ2-fold with resveratrol alone, and ϳ8-fold with a combination of the maximal effective concentrations of both (Fig. 2F) .
SAHA Moderately Inhibits Cell Proliferation-To assess the toxicity of SAHA, resveratrol, and trichostatin A, we treated Neuro-2a cells with these compounds in 384-well plates and measured cell titers 24 h later with a luciferase-based assay that measures ATP content of the wells. SAHA at concentrations Ն0.3 M reduced cell viability by ϳ25% (Fig. 3) , consistent with previously reported effects (19) .
SAHA Increases Progranulin mRNA and Protein Levels in Neuro-2a Cells-To test whether SAHA and resveratrol augment transcription from the endogenous GRN promoter, we treated Neuro-2a cells with these drugs for 24 h and performed qPCR to measure the relative levels of progranulin mRNA. 1 M SAHA significantly increased the relative abundance of GRN mRNA (Fig. 4A) . We repeated this experiment with primers designed to amplify GRN pre-mRNA but not mature mRNA and saw the same trend we observed using regular qPCR primers (Fig. 4A, inset) . This suggests that the increase in GRN mRNA is at least partially due to increased transcription.
In contrast to the luciferase reporter assay, we did not observe increased GRN mRNA expression with resveratrol treatment either alone or in combination with SAHA (Fig. 4B) . It is possible that resveratrol may have direct effects on luciferase enzyme stability or activity in the reporter assay. Alternatively, the reporter may have been artificially inserted near a regulatory element responsive to resveratrol. These results emphasize the general importance of secondary validation of HTS hits.
We next tested whether increased GRN mRNA expression translates into increased protein levels. We analyzed total cell lysates from Neuro-2a cells treated with SAHA, resveratrol, or a combination of both by Western blotting. After 24 h of treatment with SAHA alone or with resveratrol, the intensity of the progranulin immunoreactive band was dose-dependently increased compared with the loading control (Fig. 4, C and D) . In line with our qPCR results, the effect of resveratrol was muted. Progranulin is a secreted protein; therefore, we also tested whether increased GRN expression translates into increased secretion. For this experiment, we treated Neuro-2a cells as indicated in Fig. 4E , collected and concentrated the conditioned medium, and analyzed it by Western blotting. Treatment with increasing concentrations of SAHA resulted in more intense progranulin reactive bands, replicating our results from our qPCR and total cell lysate Western blot analyses.
We tested whether the effects we observed in the luciferase reporter assay with different HDAC inhibitors would correlate with increased progranulin levels. As shown in Fig. 4F, M344 , but not PTACH, robustly increased secreted progranulin levels. At the concentrations required to increase transcription from the GRN promoter, PTACH reduced cell viability by ϳ20% and exhibited overt toxicity on the remaining cells (data not shown). This pronounced toxicity readily accounts for the reduced accumulation of progranulin in the medium.
SAHA Treatment Can Normalize Progranulin mRNA Levels in GRN
ϩ/Ϫ Human Cells-Because GRN null mutations lead to familial FTD, probably through GRN haploinsufficiency, we next tested whether SAHA could correct this progranulin deficit in human cells that contain only one wild-type allele of the GRN gene. For the experiment summarized in Fig. 5A , we used Epstein-Barr virus-immortalized human lymphoblastoid cells derived from a subject with a GRN null mutation (R493X) and similarly prepared cells from a wild-type relative. GRN mRNA expression was reduced by ϳ50% in heterozygous lymphoblasts compared with control cells. Treatment with SAHA dose-dependently increased GRN mRNA levels in both haploinsufficient and control lymphoblasts (Fig. 5A) . After 24 h of treatment with 2.5 M SAHA, the relative abundance of GRN mRNA in haploinsufficient cells was normalized to wild-type levels. In the inset in A, the same samples were analyzed using qPCR primers designed to detect pre-mRNA. *, p Ͻ 0.05; ns, p Ͼ 0.05 versus the vehicle control or for the indicated comparisons. C-F, Neuro-2a whole cell lysates (C; quantified in D) and cell culture supernatants (E and F) were analyzed for progranulin (PGRN) protein expression by immunoblotting after a 24-h application of indicated drugs. #, significant toxicity was observed with the indicated treatment.
We also obtained human dermal fibroblasts from two subjects with nonsense or frameshift GRN mutations (Q300X (II) and S226WfsX28 (AA)) and their unaffected siblings. We treated these fibroblasts with SAHA or vehicle and measured the relative abundance of GRN mRNA 24 h later. Four cell lines were treated in parallel, and as shown in Fig. 5B , the heterozygous cell lines had a relative insufficiency of GRN. SAHA dose-dependently increased GRN mRNA in all cell lines, nearly normalizing GRN levels in the heterozygous cells at a concentration of 1 M. Cumulative data from all four cell lines plus another human dermal fibroblast line from a subject with an R493X mutation treated with only vehicle or 1 M SAHA are shown in Fig. 5C . Statistically significant increases in GRN mRNA were observed at all tested concentration (0 .1-1 M) . The qPCR results from primary human cells were replicated at the protein level. Because basal expression of progranulin in the primary cells was too low to obtain consistent results with immunoblotting, we treated human HEK293 with SAHA. As shown in Fig. 5C (inset), progranulin protein expression was robustly increased by the drug.
DISCUSSION
FTD is a devastating and often fatal disease. Median survival after diagnosis is Ͻ10 years (20) . Current treatment options are limited to management of emotional and behavioral aspects with antidepressants and social interventions (21) . Identification of drug targets that can be exploited to slow down or reverse the cognitive decline will probably depend on a better understanding of the molecular pathogenesis. Familial forms of the disease with known pathogenic mutations provide an opportunity for fast-track development of new therapeutics for FTD.
Because loss-of-function mutations in one GRN allele cause familial and sporadic FTD, we undertook an HTS approach to identify small molecule enhancers of progranulin expression. We chose the Prestwick library, comprising 1200 marketed drugs, for our initial screening, assuming that the identification of a Food and Drug Administration-approved compound would accelerate the search for a cure for this disease. Indeed, we discovered that SAHA, an HDAC inhibitor currently in clinical use for cutaneous T-cell lymphoma (22) , enhances progranulin expression in a variety of relevant cell types in culture.
Physiological regulation of progranulin expression is largely unknown. Two recent studies have identified microRNAs miR-107 (23) and miR-29b (24) as negative regulators of GRN expression. Also, a common variant in a putative miR-659-binding site of GRN was identified as a risk factor for FTD (25) . Previously, Bhandari et al. (26) analyzed the promoter region of GRN and identified various possible binding sites for transcription factors. Interestingly, two of the most prominent of these, GATA1 and SP1, have been reported to interact with HDACs 27, 28) , with SP1 also being involved in the same regulatory network with miR-29b.
Recently, Capell et al. (11) reported that an inhibitor of vacuolar ATPase, bafilomycin A 1 , and the alkalizing drugs chloroquine, bepridil, and amiodarone increased secreted progranulin levels from haploinsufficient primary human lymphoblasts, although only bafilomycin A 1 increased the protein to nearnormal levels. Bafilomycin exerts its effect through a post-transcriptional mechanism, suggesting a potential synergistic application with SAHA for FTD prevention depending on toxicity and tolerated dose.
HDACs regulate the acetylation status of cellular proteins, which is emerging as an important post-translational modification in cell regulation (29) . Small molecule inhibitors of HDACs are being developed as drugs for cancer and neurological disorders, such as Rubinstein-Taybi syndrome, Friedreich's ataxia, and fragile X syndrome (30) . Several compounds are now in clinical trials for cancer therapy, and SAHA has been approved by the Food and Drug Administration for treatment of cutaneous T-cell lymphoma. SAHA has been investigated in a very similar paradigm for the treatment of motor neuron disease, and it was shown to enhance the expression of SMN2 in brain slices, potentially substituting for the loss of SMN1 expression, the gene mutated in spinal muscular atrophy (31) . SAHA crosses the blood-brain barrier, and treatment with SAHA was shown to improve rotarod performance in a mouse model of Huntington disease (32) . Furthermore, inhibition of HDAC2 by SAHA was reported to enhance memory formation in mice (33) . HDAC inhibitors also have anti-inflammatory properties (34 -36) . Interestingly, changes in inflammatory markers induced by SAHA treatment in a rodent septic shock model (37) were similar to the effects of recombinant progranulin and a progranulin-mimetic peptide in a rodent inflammatory arthritis model (6) . These findings suggest two possibilities: first, that increasing the expression of progranulin, a protein with anti-inflammatory growth-promoting activities, may underlie some of the therapeutic effects observed in other conditions, perhaps by antagonizing TNF signaling; and second or alternatively, SAHA may have secondary beneficial effects in FTD besides normalizing progranulin deficiency.
We were unable to elucidate in the last detail the mechanism and specific contribution of individual HDACs to the increased GRN expression resulting from SAHA treatment. Chemically similar (trichostatin A) and structurally unrelated (M344) HDAC inhibitors, as well as sodium butyrate, also increased GRN expression, supporting our conclusion that HDAC inhibition is critical to the underlying mechanism, although we cannot completely rule out off-target effects. HDAC inhibitors have global effects on gene expression. Although SAHA is Food and Drug Administration-approved, the targets responsible for its anticancer effects are also incompletely understood (38) .
Which HDAC isoform might be responsible for the effectiveness of SAHA? HDACs are classified into five classes (I, IIa, IIb, III, and IV) (30) . SAHA inhibits class I (HDAC1-3 and HDAC8), class IIa (HDAC4, HDAC5, HDAC7, and HDAC9), and class IIb (HDAC6 and HDAC10) enzymes. In the luciferase reporter assay, HDAC6 or class II specific inhibitors were not sufficient to enhance expression, whereas class I inhibitors MS-275 and valproate increased expression only at excessively high concentrations at which cross-inhibition of other HDACs may have occurred. Although we cannot rule out the possibility that class I HDAC inhibition might be sufficient, we interpret our data as supporting a complex mechanism requiring inhibition of several HDACs. Further experiments utilizing RNA interference could potentially answer this question. However, our pharmacological data suggest that knockdown of a single HDAC isoform would be unlikely to account for increased progranulin expression.
The second most efficacious hit in our screen was resveratrol, a plant polyphenol currently marketed as a dietary supplement. Resveratrol is implicated in neuroprotection against diverse types of injury (39 -41) . Although resveratrol has been suggested to be an activator of sirtuins, this has been called into question recently (42) , and the mechanism of action remains poorly understood (43, 44) . We confirmed that resveratrol was effective in the luciferase-based assay; however, we did not observe a significant increase in progranulin mRNA or protein levels by qPCR or Western blotting after treatment with resveratrol in any cell type. There can be several explanations for this discrepancy. First, resveratrol may have direct effects on the luciferase enzyme stability or activity, thus representing a false positive hit. Given the small number of hits from our library screen, we chose not to do a counterscreen for luciferase activation from a different promoter, opting instead to validate hand-picked hits directly as we show here for SAHA. Second, resveratrol is reported to have diverse effects on gene expression and chromatin remodeling (45, 46) ; therefore, the actual integration site of the reporter in the genomic DNA of the stable cell line may have resulted in an artifactual result. Last, albeit unlikely, the sensitivity of qPCR and Western blotting may not be high enough to detect Ͻ2-fold changes in progranulin levels under our experimental conditions.
In summary, we have demonstrated that one of the hits in our chemical library screen, SAHA, robustly enhances GRN expression at both the mRNA and protein levels in cells from relevant mouse or human lineages. Because SAHA is already in clinical use for an unrelated indication, conducting human trials with SAHA as a therapy or prevention strategy for FTD is facilitated. Our results also validate the present HTS strategy for performing screens of larger and more diverse chemical libraries to identify additional drug leads amenable to optimization and clinical development.
